Abstract: This paper proposes a method to design an incident-angle-insensitive polarization-independent polarization rotator. This polarization rotator is composed of layers of impedance-matched anisotropic metamaterial (IMAM) with each layer's optical axes gradually rotating an angle. Numerical simulation based on the generalized 4 × 4 transfer matrix method is applied, and the results reveal that the IMAM rotator is not only polarization-independent but also insensitive to the angle of incidence. A 90° polarization rotation with tiny ellipticity variation is still available at a wide range of incident angles from 0 to 40°, which is further confirmed with a microwave bi-split-ring resonator (bi-SRR) rotator. This may be valuable for the design of optoelectronic and microwave devices. 
Introduction
As an important property of transverse EM waves, polarization has been widely applied in engineering and scientific researches. Many approaches have been employed to manipulate the polarization of light. Traditional anisotropic crystals and chiral liquid crystals [1] are commonly used as wave retarders and polarization rotators. However, the polarization rotator made of anisotropic crystal is generally polarization-dependent and incident-angle-sensitive, and the polarization rotator composed of liquid crystals is also incident-angle-sensitive. These shortcomings limit their applications in microwave and optoelectronic devices. To our knowledge, how to design and fabricate an incident-angle-insensitive and polarization-independent polarization rotator still remains a challenge.
Thanks to the advent of metamaterials, this gives a chance to overcome the challenge. Metamaterials are artificial structures, which usually have periodic arrangements and exhibit exotic electromagnetic properties [2] [3] [4] [5] [6] [7] [8] . These manmade structures provide completely new mechanisms and novel methods to control light. Early and ongoing researches on metamaterials have shown that it is possible to obtain strong anisotropy or chirality via deliberate design and fabrication. This can be used in the design of polarization devices. One of them is polarization beam splitter achieved by anomalous reflection and transmission [9] [10] [11] [12] . Another application is the polarization rotator based on modes coupling, extraordinary optical transmission (EOT), chirality of the structure, or phase mutation at resonance frequency [5, [13] [14] [15] [16] [17] . Up till now, wide-angle polarizer [18] , splitter [10, 11] and absorber [19] have been realized with these artificial structures. In this paper, we proposed a method to design an incident-angle-insensitive and polarization-independent polarization rotator. The polarization rotator is composed of layered impendence-matched anisotropic metamaterials (IMAM) with the crystal axes rotated, as shown in Fig. 1 . The cross polarization conversion becomes polarization-independent and insensitive to the incident direction of the light beam. It can be proved that only two layers of IMAMs are enough to construct a cross-polarization rotator, which greatly alleviates the difficulty in fabrication. It might be valuable for the design of optoelectronic and microwave devices.
General formalism of IMAM polarization rotator
To study the transmission and reflection of plane waves in an anisotropic slab, a generalized 4 × 4 transfer-matrix method is applied [20] . By transforming the permittivity and permeability of IMAM with a rotation matrix: 
one can easily obtain the transfer matrix of an anisotropic slab with its crystal axes rotated along z axis by an angle . φ When many layers are aligned together, the total transfer matrix is given
which is the total thickness of the stratified slabs. The 2 × 2 Jones transmission coefficient matrix can be acquired after some tedious algebraic operation that is not presented here [21] . To simplify the discussion, we restrict the incidence in x-z plane, i.e. y 0, k = and one of the crystal axes is chosen as z axis.
When the polarization of the transmitted wave is perpendicular to a linearly-polarized incident wave 0 ( , ) (cos ,sin ),
where ϕ is the polarization angle of the incident wave. MM T and EE T are the co-polarization transmission coefficients of TM and TE waves, respectively; while the cross terms are the cross-polarization transmission coefficients. By multiplying ( ) 
For a polarization-independent rotator, the following condition must be satisfied:
→ Generally, it cannot be fulfilled with a single anisotropic medium but with a layered structure. To give an intuitionistic discussion, we choose an IMAM slab with the following permittivity and permeability tensors: 
where 0 k is the wave vector in vacuum, and ' ε ( ' µ ) and '' ε ( '' µ ) are the real and imaginary parts of permittivity (permeability). When
TE and TM waves experience the same attenuation, i.e. | | | | 1.
Since the impendence-matched condition is satisfied, reflections at the interface either between slab and surroundings or between slabs disappear. Then we can give an explicit expression on the transmission coefficient of the stratified slabs. When the plane wave ( )
E E is normally incident onto x-y plane, the projections of the transmitted wave polarization on the crystal axes (denoted by suffix 1, 2) of the (n + 1) th slab can be written as 
As shown in Fig. 2 , δ is the angle between the x axis and the crystal axis 1 of the first layer; φ is the angle of the crystal axes between adjacent layers. We once again project
onto the coordinate axes and the Jones matrix can be obtained:
By carefully tuning the thickness of IMAM slab that makes it as a half-wave retarder, one can obtain .
When n is odd, the Jones matrix can be simplified as follows:
It is clear that, if T is not considered, the Jones matrix is a coordinate transformation matrix by rotating an angle of ( 1) n φ + anticlockwise. Hence the polarization rotation angle ( 1) n φ + can be tuned dynamically and is independent of ϕ and .
This is the condition for the cross polarization conversion. It is clear that only two (n = 1) IMAM slabs are enough to construct a polarization-independent rotator. Equation (14) indicates that the eigen polarization states of the rotator are left and right circular polarizations. Although it is the same for planar chiral structures with four-fold symmetry, it is very difficult to achieve linear polarization rotation in planar metallic chiral structures due to dichroism; while in dielectric chiral structures, one can achieve linear polarization rotation but this property strongly depends on incident direction, as has been pointed out [22] .
Incident-angle-insensitivity and polarization independency
It is more interesting to find that the IMAM rotator is not only polarization-independent, but also incident-angle-insensitive. This is distinct from conventional anisotropic or chiral rotators. Without loss of generality, we choose air as surroundings, and a lossless IMAM bilayered rotator with parameters as 2, the bilayered structure acts as a perfect cross-polarization rotator. As the incident angle increases, the variation ranges of ∆ and t ψ become larger but still acceptable within a broad range of incident angles. It can be seen in Fig. 3(a) and Fig. 3(b) that when δ ranges from 0° to 360°, δ we confirm that the IMAM rotator is more insensitive to incident direction when the incident angle is smaller. Moreover, we studied the effect of material loss. As is expected, the loss has a small impact on the performance of the IMAM rotator that satisfies Eq. (10). We set '' '' '' '' 0. Fig. 3(d) , the variation range of t ψ is enlarged to (−91.66°,-88.37°). Even so, a less than 2° deviation in polarization rotation at 40° incidence is still quite acceptable.
Comparison and discussion
To make a comparison, we choose three lossless anisotropic slabs (surrounded by air) with parameters as 2 , φ =°they all act as polarization-independent rotators at normal incidence. However, the impedance-matched conditions are not satisfied at oblique incidence, and this will bring in negative influences on the performance of the rotators. Nevertheless, as is shown above, the structure composed of IMAM slabs (b = 1) is more insensitive to incident angle. impendence-mismatched rotators, the polarization rotation and ellipticity become very instable as the incident angle increases. To take the nonmagnetic rotator with b = 2 as an example, the polarization rotation becomes −105° and the ellipticity is around-0.6 at a 40° incidence. The simulation is performed using the software package CST Microwave Studio, in which periodic boundary conditions are applied. Figure 6 k for the first retarder, where the cross-polarization terms are negligible. There are two dips in the TM wave reflection coefficient curve corresponding to two possible impedance-matched frequencies at 3.12 GHz and 3.25 GHz. Here the working frequency is chosen to be 3.25GHz. Because the ratio of unit cell size to wavelength is less than 1/9, the effective medium description is valid, and the retrieval effective parameters at normal incidence are:
1.156,
Though the structure is not perfectly impedance-matched for TE wave at the working frequency, the transmission is still very high (>99%) and it will have less influence on the transmitted polarization state.
Note that in Fig. 6(b) , the phase difference between two polarization states at 3.25GHz is 180°, which indicates that the structure acts as a half-wave retarder. Then, we construct a polarization rotator by aligning two such half-wave retarders in the aforementioned way, i.e. 2 90
φ =°, as depicted in Fig. 5(c) . In the simulation, the polar angle of incident plane is rotated by 45° to perform an equivalent rotation of the IMAM retarder. Thus, we can get the transmission and reflection Jones matrices of the two IMAM
k directly from the simulation rather than from the effective parameters. The cross-polarization terms of the transmission coefficient for the second retarder 2 T ( ) approximations are compared, it is clear that the variation ranges of ellipticity and polarization rotation can be well described under zeroth order approximation. The variations of ellipticity showing that the structure can act as an incident-angle-insensitive and polarization-independent polarization rotator. When a lossy substrate with a permittivity 4.9 '' r r ε ε = + is considered in the polarization rotator, it is found that the imaginary term may lead to a stronger absorption for TM wave near resonant frequencies. However, we can still find the two dips in reflection curve of the half-wave retarder. Although they are not as sharp as that in the lossless case, but they are small enough to suppress the influence of multiple reflections between the two retarders in a polarization rotator. For a commercial available low loss substrate with '' 0.01, r ε ≤ our simulations show that the phase difference has a tiny change (less than 2°), and there is a small decrease in the transmission amplitude of TM wave due to absorption. The influences of the substrate loss are illustrated in Figs. 6(g) and 6(h) when '' 0.01 r ε = and the polarization rotator still works at 3.25GHz. Compared with the lossless rotator, the variations of ellipticity and polarization rotation angle are slightly increased. But we have to emphasize that the depicted results for the lossy rotator above are just for comparison, without any structural adjustment according to the loss, so the performance can be further improved after a proper structural optimization.
Conclusion
In conclusion, we proposed a design method to realize broad-angle and polarizationindependent polarization rotator based on impedance-matched anisotropic metamaterial (IMAM). The mechanism and the influencing factors of the polarization rotator are discussed analytically, in conjunction with the generalized 4 × 4 transfer matrix method. Also, we illustrate how to construct a microwave IMAM rotator by using a bi-SRR structure. Compared with traditional polarization rotators, the IMAM polarization rotator is more insensitive to incident direction. This may offer the possibility to unyoke the limitation of the narrow working angle and enhance the compactness and stability of microwave and optoelectronic systems.
